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Abstract
There is recently interests in the “left-handed ” materials. In these materials the
direction of the wave vector of electromagnetic radiation is opposite to the direction of
the energy flow. We present simple arguments that suggests that magnetic composites
can also be left-handed materials. However, the physics involved seems to be different
from the original argument. In our argument, the imaginary part of the dielectric
constant is much larger than the real part, opposite to the original argument.
PACS numbers: 73.20.Mf, 41.20.Jb, 42.70.Qs
There has been interest recently in left-handed material [1, 2, 3], in which the di-
rection of energy flow is opposite to the direction of the wave vector. The original
material consists of arrays of rings and wires [2, 3]. We have recently proposed a differ-
ent class of material consisting of metallic magnetic granular composites [4]. Based on
the effective medium approximation, we show that by incorporating metallic magnetic
nanoparticles into an appropriate insulating matrix and controlling the directions of
magnetization of metallic magnetic components and their volume fraction, it may be
possible to prepare a composite medium of low eddy current loss which is left-handed
for electromagnetic waves propagating in some special direction and polarization in a
frequency region near the ferromagnetic resonance frequency. In this paper, we present
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a simplified physical explanation of our results.
We consider an idealized metallic magnetic granular composite consisting of two
types of spherical particles, in which one type of particles are metallic ferromagnetic
grains of radius R1, the other type are non-magnetic dielectric (insulating) grains of
radius R2. For simplicity in this analysis we assume that R1 = R2, each grain is
assumed to be homogeneous. The volume fraction of the magnetic (nonmagnetic)
particles is given by f1 (f2) with f1 + f2 = 1. The directions of magnetization of all
metallic magnetic grains are assumed to be in the same direction. For length scales
much larger than the grain sizes, the composite can be considered as a homogeneous
magnetic system. The permittivity and permeability of non-magnetic dielectric grains
are both scalars, and will be denoted as ǫ1 and µ1. The permittivity of metallic magnetic
grains will be denoted as ǫ2 and will be taken to have a Drude form: ǫ2 = 1−ω
2
p/ω(ω+
i/τ), where ωp is the plasma frequency of the metal and τ is a relaxation time. Such
a form of ǫ is representative of a variety of metal composites [5, 6]. The permeability
of metallic magnetic grains are second-rank tensors and will be denoted as µˆ2, which
can be derived from the Landau-Lifschitz equations [7]. Assuming that the directions
of magnetization of all magnetic grains are in the direction of the z-axis, µˆ2 will have
the following form [7]:
µˆ2 =


µa −iµ
′ 0
iµ′ µa 0
0 0 1


(1)
where [8]
µa = 1 +
ωm(ω0 − iαω)
(ω0 − iαω)2 − ω2
, (2)
µ′ = −
ωmω
(ω0 − iαω)2 − ω2
. (3)
Here ω0 = γ ~H0 is the ferromagnetic resonance frequency, H0 is the effective magnetic
field in magnetic particles and may be a sum of the external magnetic field, the effective
anisotropy field and the demagnetization field; ωm = γ ~M0, with γ the gyromagnetic
ratio and M0 the saturation magnetization of magnetic particles; α is the magnetic
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damping coefficient; and, finally, ω is the frequency of incident electromagnetic waves.
Typical frequency range of the FMR resonance is controlled by the spin wave energy
at zero wave vector. This is of the order of GHz for such soft magnets as permalloy.
The dispersion of the spin wave frequency is controlled by the exchange constant of
the system. We consider incident electromagnetic waves propagating in the direction
of the magnetization.
Our numerical calculation in Ref.[4] was performed without assuming the long wave-
length limit. The effective medium equation is given by
∑
i=1,2
fi
∞∑
l=1
(2l + 1)[
keffψ
′
l(kiRi)ψl(keffRi)− kiψl(kiRi)ψ
′
l(keffRi)
keffψ′l(kiRi)ζl(keffRi)− kiψl(kiRi)ζ
′
l(keffRi)
+
kiψ
′
l(kiRi)ψl(keffRi)− keffψl(kiRi)ψ
′
l(keffRi)
kiψ′l(kiRi)ζl(keffRi)− keffψl(kiRi)ζ
′
l(keffRi)
] = 0, (4)
where Ri is the radius of the ith type of grains, and
k1 = ω[ǫ1µ1]
1/2, (5)
k2 = ω[ǫ2µ
(±)
2 ]
1/2, (6)
ψl(x) = xjl(x), (7)
ζl(x) = xh
(1)
l (x), (8)
with jl(x) and h
(1)
l (x) the usual spherical Bessel and Hankel functions. µ1 is the
permeability of non-magnetic dielectric grains, µ
(+)
2 = µa − µ
′ µ
(−)
2 = µa + µ
′ are the
effective permeability of magnetic grains for positive and negative circularly polarized
waves respectively, and f1 and f2 are volume fractions of two types of grains.
We first simplify these equations in the long wavelength limit, the experimentally
relevant situation. In the long wavelength limit the l = 1 terms in Eq.(4) dominate.
With the use of j1 ≈ x/3, h1 ≈ −i/x
2, ψ1 ≈ x
2/3, ζ1(x) ≈ −i/x, ψ
′
1 ≈ x/1.5,
ζ1(x)
′ ≈ i/x2, Eq.(4) can be simplified to:
∑
i=1,2
fi
k2eff − k
2
i
2k2eff + k
2
i
= 0. (9)
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Since k2 ∝ ǫµ, we obtain the effective medium equation:
∑
i=1,2
fi
〈µǫ〉eff − µiǫi
2〈µǫ〉eff + µiǫi
= 0 (10)
This is of the well known Bruggeman[9] form that one is familair with. We note that
in general 〈µǫ〉eff 6= 〈µ〉eff〈ǫ〉eff .
If the composite can truly be treated as a homogeneous magnetic system in the case
of grain sizes much smaller than the characteristic wavelength, electric and magnetic
fields in the composite should also be either positive or negative circularly polarized
and can be expressed as :
~E(~r, t) = ~E
(±)
0 e
ikz−βz−iωt (11)
~H(~r, t) = ~H
(±)
0 e
ikz−βz−iωt (12)
where ~E
(±)
0 = E0(xˆ ∓ iyˆ), ~H
(±)
0 = H0(xˆ ∓ iyˆ), k = Re[keff ] is the effective wave
number, β = Im[keff ] is the effective damping coefficient caused by the eddy current,
and keff = k+ iβ is the effective propagation constant. In Eqs.(11) and (12) the signs
of k and β can both be positive or negative depending on the directions of the wave
vector and the energy flow. For convenience we assume that the direction of energy
flow is in the positive direction of the z axis, i.e., we assume β > 0 in Eqs.(11) and
(12), but the sign of k still can be positive or negative. In this case, if k > 0, the phase
velocity and energy flow are in the same directions, and from Maxwell’s equation, one
can see that the electric and magnetic field ~E and ~H and the wave vector ~k will form
a right-handed triplet of vectors. This is the usual case for right-handed materials. In
contrast, if k < 0, the phase velocity and energy flow are in opposite directions, and
~E, ~H and ~k will form a left-handed triplet of vectors. This is just the peculiar case for
left-handed materials. So, for incident waves of a given frequency ω, we can determine
whether wave propagations in the composite is right-handed or left-handed through
the relative sign changes of k and β.
For systems of experimental interest (such as composites of Ge, Si with Ni, permal-
loy, or Co), the modulus of the complex number η = (µ1ǫ1)/(µ2ǫ2) is much smaller
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than unity. Eq.(9) can then be solved explicitly as a power of series in η to give
k2eff = k
2
1c
2
0(1− 2c1η) (13)
where
c20 =
1
f1 − 2f2
and c1 =
9f1f2
2(f1 − 2f2)2
Note that k21 is real for the nonmagnetic dielectric grains while η is complex with its
modulus |η| << 1. To leading order in η, the effective wavevector keff is real. The
imaginary part comes in in the next order of η. Thus the loss of the effective medium
is small when the fraction of the magnetic particles, f2 < 1/3. We next show that the
sign of Im(keff) is controlled by µ2.
We write η in its polar form as
η = |η|(cosφ− i sinφ) (14)
with
cosφ =
µ2rǫ2r − µ2iǫ2i
A
≈
−µ2iǫ2i
A
and sin φ =
µ2rǫ2i + µ2iǫ2r
A
≈
µ2rǫ2i
A
(15)
where A = |µ2ǫ2|, ǫ2r = Re[ǫ2], ǫ2i = Im[ǫ2], µ2r = Re[µ2], µ2r = Im[µ2], and use has
been made of ǫ2i >> ǫ2r and µ2i ∼ µ2r for the metallic magnetic grains. The effective
wave number can be written as
keff = ±k1c0
(
1 + i
µ2rǫ2i
A
c1|η|
)
(16)
There are two solutions. As we emphasized above, the direction of the energy flow is
in the positive direction of the z axis, implying a positive imaginary part of keff , i.e,
we pick a solution so that with keff = k + iβ, β > 0. Now µ2r changes sign when ω
crosses ω0. So the solution that one picks changes also. More specifically, one has
keff =


c0k1
(
1 + i
µ2rǫ2i
A
c1|η|
)
(ω < ω0, µ2r > 0)
−c0k1
(
1 + i
µ2rǫ2i
A
c1|η|
)
(ω > ω0, µ2r < 0)
(17)
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The real part of keff should change sign to ensure the positive definite of β. This shows
that in certain frequecy region ω > ω0, the wave vector is in the opppsotie direction of
the energy flow.
In conclusion, we have here offered a simple physical explanation for the left-
handedness of magnetic composites. When the metallic concentration is below the con-
duction percolation threshold, the imaginary part of the effective response function is
small. However, the sign of this small imaginary term changes as the frequency crosses
the ferromagnetic resonance frequency. To insure energy conservation so that the sign
of the imaginary part of the effcetive wavevector remains the same, the “branch” of
the solution changes. As a result, the real part of the effective wave vector changes
sign. The original picture of the left-handed material focuses on the real part of the
electric and magnetic susceptibilities. Our explanation for our material focuses on the
imaginary part of the response functions. The physics in our case seems to be different
from the original picture.
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